Abstract The scarcity of water in semiarid regions requires alternative sources for irrigation to improve agricultural production. Here, we aimed to evaluate the effects of produced water from oil exploration on the structure of soil mesofauna during the dry and rainy seasons in irrigated sunflower and castor bean fields in a Brazilian semiarid region. Three irrigation treatments were applied on plots cultivated with castor beans and sunflowers: produced water treated by filtration (filtrated) or treated by reverse osmosis (reverse osmosis) and groundwater. The mesofauna under the biofuel crops was collected and identified during the dry and rainy seasons. Although the abundance and richness of the total fauna did not differ between seasons in sunflower plots, the community was altered. In castor beans, the abundance, richness, and community of mesofauna observed in plots irrigated with produced water differed from the groundwater treatment. Irrigation with produced water promotes important changes in soil fauna community that justify their assessment for the maintenance and monitoring of agroecosystems.
Introduction
In semiarid climates, where the evaporation rate is higher than precipitation, irrigation is used to maintain plant production during periods of inadequate rainfall. However, not all semiarid regions have high-quality water available for irrigation, so the use of alternative sources, such as wastewater and produced water from industrial oil and gas plants, has been proposed (Allen and Robinson 1993; Johnston et al. 2008) . The use of produced water was initially proposed for the irrigation of pastures and tree crops (Dejoia 2002; Johnston et al. 2008) . However, the application or discharge of untreated and unmonitored produced water can alter the normal patterns of ecosystem functioning (Janke et al. 1992) .
Wastewater and produced water negatively affect the soil and environment, mainly through the amounts of salts that they carry (Cutz-Pool et al. 2007; Köck-Schulmeyer et al. 2011; Tabatabaei and Najafi 2009; Travis et al. 2012) . Irrigation with produced water with a high concentration of sodium, chloride, and potassium can cause soil salinization (Al-Haddabi and Ahmed 2007; Melo et al. 2010; Neff 2002) . The salinity and sodicity of the soil may reduce the efficiency of carbon use by microorganisms, with consequent changes in their biomass (Ibekwe et al. 2010; Rietz and Haynes 2003) .
Reverse osmosis is typically used to reduce produced water salt content. However, the formation of biofilms on membranes requires the addition of a biocide and anti-scalant during the water treatment process (Melo et al. 2010) , which may contaminate the water and compromise its quality. Thus, the biocide added to the reverse osmosis water treatment process could reduce, in the short term, the microbial activity in soil irrigated with that water (Lopes et al. 2014) , which could affect the structure of the soil community.
The soil mesofauna in various ecosystems is influenced by factors such as soil moisture (Frampton et al. 2000; Lindberg et al. 2002; Morón-Ríos et al. 2010; Ukabi et al. 2009; Whitford et al. 1981 ) and vegetation cover (Bezemer et al. 2010; Ferreira et al. 2012; Franklin et al. 2005) . Such factors are related to spatial and seasonal patterns, as well as microclimate variation and the quantity and quality of resources available for soil fauna (Wardle et al. 2006) .
In semiarid regions, soil moisture levels fluctuate between seasons, with accompanying changes in the abundance and composition of soil organisms (Bedano and Ruf 2007; Wallwork 1972; Whitford et al. 1981) . Under constant soil water levels, the mesofauna in irrigated agroecosystems is more stable between the dry and rainy seasons, especially in relation to the abundance of organisms, than native forests (MacKay et al. 1986 ). The low soil moisture level during the dry period has indirect effects on mesofauna through changes in vegetation and reduced activity and diversity of microorganisms in the soil (Acosta-Martínez et al. 2014; Bachar et al. 2010) . Thus, seasonal fluctuations in the availability of resources to soil organisms can promote high seasonal variations in the abundance and activity of soil fauna (Wardle 2002) .
Although the effects of humidity and vegetation cover on communities of soil fauna are well characterized (Ukabi et al. 2009; Whitford et al. 1981) , almost nothing is known about the impact of water quality, especially produced water, on communities of soil fauna. Here, we aimed to evaluate how the quality of water obtained from oil exploration that is used for irrigation can affect the abundance, richness, and community structure of mesofauna in castor bean and sunflower biofuel crops during the dry and rainy seasons in a semiarid agroecosystem. We hypothesized that irrigation with produced water obtained by simple filtration or treated by osmosis could change the abundance and structure of the soil fauna community in comparison to using groundwater. In addition, we expected that these changes would differ in various crops and seasons.
Materials and methods

Study area
The study was conducted in the experimental area of the farm of the Belém (FZB) oil exploration field managed by Petrobras (4°44′ 43.2″ S, 37°32′ 19.6″ W), located in the Brazilian semiarid region. The soil of the area was classified as Haplic Arenosol and the vegetation as seasonally dry tropical forest, known locally as caatinga (Sampaio 1995) . The climate is hot and semiarid in the Köppen classification. The annual rainfall is less than 800 mm and is concentrated from January to May, with an annual mean temperature of 26 to 28°C.
Experimental design
The study was conducted in irrigated areas cultivated with biofuel sunflower plants (Helianthus annuus L. 'BRS 321') or castor beans (Ricinus communis L. 'BRS Energia'). The sunflower and castor bean plots were irrigated with three water treatments: groundwater collected from the Açu aquifer (200-m depth), produced water treated by filtration (filtered), and produced water filtered and treated by reverse osmosis (reverse osmosis); all captured in FZB. Treatments with water management were composed of three replicates of 400 m Fig. 1 ). The soil mesofauna was collected and identified in all areas in both seasons.
Irrigation management
A drip irrigation system was used to avoid water contamination among treatments. The system was automated and the daily amount of water supplied was estimated based on crop evapotranspiration and soil drainage, measured using a lysimeter column in the plots. Lysimeters were made by technicians of the Brazilian Agricultural Research Corporation (Embrapa, Ceará/Brazil) using plastic columns (0.4-m diameter and 0.7 m deep) where the water drained daily was used to estimate the evapotranspiration of crops. The produced water for the filtered and reverse osmosis treatments had been previously separated in the industrial oil exploration plant (Melo et al. 2010) . The water ion concentrations, electrical conductivities, and pH are shown in Table 1 .
Sampling and identification of soil mesofauna
Undisturbed soil subsamples were collected using cylindrical soil samplers (10-cm diameter; 10-cm depth). The subsamples were placed individually in plastic bags, stored in boxes, and immediately transported to a Berlese-Tullgren apparatus. Nine soil subsamples were collected in each 400-m 2 plot at different plant developmental stages (three samples at germination, three at flowering, and three immediately before the harvests, and all were 8 m distant from each other) forming a composite sample for each plot ( Table 2 ). The soil mesofauna were extracted using the Berlese-Tullgren method modified by Franklin and Morais (2006) and classified at the level of order or suborder. Holometabolic taxa were further separated into immature and adult organisms.
Data analysis
Analysis of variance (ANOVA) was used to evaluate the influence of irrigation treatments and season on mesofauna abundance and the number of taxa. The abundance data were normalized using a logx+1 transformation. The water treatment means were compared by the Tukey post hoc test, at 5 % probability. The sunflower and castor bean irrigation treatments were used to evaluate the effect of water on mesofauna community structure. The Bray-Curtis index was used to generate a similarity matrix among samples. Each matrix was subjected to a multivariate nonparametric analysis of variance (NP-MANOVA).
To generate a graphical representation of the composition/abundance of soil mesofauna across irrigation treatments, we used nonmetric multidimensional scaling (NMDS) ordered in two dimensions and calculated from the Bray-Curtis index. The scores resulting from the NMDS were plotted, and groupings of samples were evaluated. The statistical program R (R Development Core Team 2014) was used for all analyses.
Results
We identified 3022 individuals distributed among 45 arthropod taxa in the studied area. Notably, we did not detect Oribatida, Thysanura, Symphyta, or Isopoda in the cultivated and irrigated areas. Some groups, such as Homoptera, Neuroptera larvae, and Poduromorpha, were identified only during the dry season crops, while Blattodea and Orthoptera were found only during the rainy season (Table 3 ).
The average number of organisms collected in sunflower plots was not significantly different between seasons (Table 4) . Among irrigation treatments, abundance in the groundwater did not differ significantly from the other irrigation treatments. There were no differences in the richness of organisms in sunflower plots between seasons or between plots treated with groundwater and filtrated or reverse osmosis water (Table 4) .
In castor bean plots, the abundance of organisms collected was significantly different between the seasons. In addition, the irrigation treatments influenced the abundance of soil organisms and there was an interaction with season (Table 4) . In plots irrigated with groundwater, the abundance of organisms in the dry season differed from other irrigation treatments. In the rainy season, the abundance of organisms in soil receiving groundwater was similar to that in the other plots; however, the reverse osmosis treatment differed from filtered water ( Table 5 ). The richness of soil mesofauna in castor bean plots was different between seasons and water treatments (Table 4 ). The number of taxa in groundwater treatments was lower in the dry season than in the rainy season. In the dry season, the richness of taxa was significantly higher in the groundwater treatment than the filtrated and reverse osmosis treatments. In the rainy season, the richness was not different from the reverse osmosis or filtered treatments (Table 5) .
The composition of soil fauna communities in sunflower plots differed significantly between irrigation treatments, but depended on the season (Table 6 ). The NMDS analysis shows that the differences in mesofauna communities were primarily between reverse osmosis and the other treatments in the rainy season (Fig. 2) . In castor bean plots, the community composition of soil fauna differed significantly between irrigation treatments and between seasons, with no significant interaction (Table 6 ). The plots that were irrigated with filtrated water and groundwater had similar mesofauna community structures in both cropping cycles. Treatment with reverse osmosis water resulted in distinct communities that further differed between seasons (Fig. 2) .
Discussion
Here, we presented data on changes in soil mesofauna promoted by irrigation with produced water. The water composition can potentially induce chemical and/or physical changes in the soil, modifying microorganism communities (Ibekwe et al. 2010 ) and the growth and health of plants (Qadir et al. 2003) . Although irrigation with produced water could promote soil salinization (Al-Haddabi and Ahmed 2007; Melo et al. 2010 ), in our study results, it changed the abundance of organisms in the soil cropped with castor bean during the dry season. Furthermore, changes in soil fauna abundance or richness were not evident between the produced water and groundwater treatments during either season in sunflower plots. Salinity is known to affect some mesofauna groups, as observed for mites in semiarid regions of Australia, where there are species differences between high and low salinity soils (Noble et al. 1996) . Organisms such as mites are affected by the number and size of soil pores (Nielsen et al. 2008) . Filtered produced water contains high Na content and may reduce soil porosity (AlHaddabi and Ahmed 2007). Soils with high salinity affect populations of microorganisms that are less diverse and less-efficient at carbon source utilization (Ibekwe et al. 2010; Rietz and Haynes 2003) . During the rainy season, the accumulated salts from filtered produced water in the soil may be leached, removing any effects on the structure of mesofauna. Lopes et al. (2014) , studying the short-term effects of produced water on microorganism activity, observed larger populations of filamentous fungi when soils were irrigated with filtered produced water and groundwater than with water treated with reverse osmosis in this same study area. Mesofauna groups that are essentially scavengers and microbivores increase their abundance when there is greater availability of fungi in the soil, which subsequently affects higher trophic levels (de Ruiter et al. 1995; Remén et al. 2010; Schneider and Maraun 2005) .
In the produced water treatment process, the addition of glutaraldehyde, which is toxic for some organisms (Leung 2001) , during the desalinization process of reverse osmosis (Melo et al. 2010 ) could decrease the microbial activity of the soil (Lopes et al. 2014 ). On our plots, we observed changes in the abundance, richness, and structure of the mesofauna. Microorganisms are an important factor on mesofauna in soil food webs The numbers in bold indicate significant effects (Berg et al. 2001; de Ruiter et al. 1995) . It is believed that these factors have an indirect effect on the composition and abundance of soil mesofauna. Two possible explanations for the differences in the structure of the soil community between different cropping cycles are as follows: (1) salts and other chemicals have accumulated in the soil during the second crop cycle and (2) the effect of the rainy season in the semiarid region. The increase in the concentration of salts in the soil (Elkins and Whitford 1984; Noble et al. 1996) , as well as biocides such as glutaraldehyde (Leung 2001) , during the dry season may have an effect (directly or indirectly) on some mesofauna organisms. This effect may be due to changes in the physicochemical characteristics of the soil microfauna or changes to the food web (Bezemer et al. 2010; de Ruiter et al. 1994; Rietz and Haynes 2003) , based on the principle that changes in resource quality may modify the patterns of communities of soil organisms (Berg 2010) .
Although there was no discrepancy in the seasonal availability of water in the cultivated irrigated area, we found that the mesofauna changed between seasons. Therefore, we propose that the mesofauna organisms present in the native forest and around the experimental area may have served as a source for the dispersal of organisms to more cultivated soils during the rainy season (Ettema and Wardle 2002; Pulliam 1988) . It is noted that many soil fauna organisms can enter a state of quiescence or cryptobiosis during the dry period or tend to hatch eggs only in the rainy season, which results in their apparent absence during the dry season (MacKay et al. 1987 ). In addition, fungi that serve as food for many animals are inactive during the dry season (Whitford 1988) .
Oribatid mites were absent from the fields of both types of crops. In fact, they are sensitive to soil management in semiarid environments (BoschSerra et al. 2014) . Changes in the composition of mesofauna in agroecosystems can be associated with the type of soil and crop management (Bedano et al. 2006; Crossley et al. 1992; Domínguez et al. 2013; Lalley et al. 2006) . Compared to native forests, cultivation potentially alters food webs and microhabitats that reduce the diversity and abundance of some groups of soil organisms (Bedano et al. 2006; de Ruiter et al. 1994; Wardle et al. 1995) .
Conclusions
Irrigation with produced water promotes important changes in soil fauna structure that justify its assessment for the maintenance and monitoring of agroecosystems. To our knowledge, this is the first evidence of how the mesofauna structure is influenced by the quality of water used for irrigation. In semiarid regions, seasonal effects naturally induce variations in the composition and abundance of soil organisms, even if the areas are irrigated. The responses of soil fauna to differences in season differ between the land-use types. 
